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Programmed cell death-4 (PDCD4), a selective protein translation inhibitor, has shown proinflammatory effect in some inflammatory diseases, but its roles in obesity remain unestablished. This study aims to investigate the effects of PDCD4 on obesity, inflammation, and insulin resistance. Surprisingly, high-fat diet (HFD)-fed PDCD4-deficient (PDCD4 2/2 ) mice exhibited an absolutely lean phenotype together with improved insulin sensitivity. Compared with wild-type obese mice, HFD-fed PDCD4 2/2 mice showed higher energy expenditure, lower epididymal fat weight, and reduced macrophage infiltration inflammatory cytokine secretion in white adipose tissue (WAT). Alleviated hepatic steatosis along with decreased plasma levels of triglyceride and cholesterol was also observed in these mice. Importantly, PDCD4 appeared to disturb lipid metabolism via inhibiting the expression of liver X receptor (LXR)-a, a master modulator of lipid homeostasis, which was elevated in HFD-fed PDCD4 2/2 mice accompanied by upregulation of its target genes and relieved endoplasmic reticulum stress in WAT. These data demonstrate that PDCD4 deficiency protects mice against diet-induced obesity, WAT inflammation, and insulin resistance through restoring the expression of LXR-a, thereby proposing PDCD4 as a potential target for treating obesity-associated diseases. Diabetes 62: [4132] [4133] [4134] [4135] [4136] [4137] [4138] [4139] [4140] [4141] [4142] [4143] 2013 O besity is an important independent risk factor for type 2 diabetes, cardiovascular diseases, and many other diseases, including cancer (1) (2) (3) . Although the underlying mechanism is not fully known, chronic inflammation has been acknowledged as a critical link between obesity and numerous pathologies. Adipose tissue inflammation, characterized by infiltration, activation of inflammatory cells like macrophage and T cells, as well as increased secretion of proinflammatory cytokines and chemokines, including interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-a, and monocyte chemoattractant protein-1, contributes to low-grade systemic inflammation, insulin resistance, and metabolic disorders, which are referred as the "common soil" for diseases mentioned above (3) (4) (5) (6) (7) . Therefore, genes or molecules that could control obesity or inflammation will become the promising therapeutic targets for obesity-associated diseases.
Programmed cell death-4 (PDCD4), initially identified as an upregulated gene during apoptosis, is expressed ubiquitously in normal tissues, with highest levels in the liver (8) (9) (10) . It has been well documented that PDCD4 acts as a regulator of gene expression through influencing translation and transcription. PDCD4 selectively inhibits capdependent translation through binding to RNA helicase eukaryotic translation initiation factor (eIF)-4A with its MA-3 domains, which is highly homologous to eIF-4G. Through its inhibitory role in protein translation, PDCD4 suppresses tumor proliferation, invasion, and metastasis and has been considered as a tumor suppressor gene. Loss or reduced expression of PDCD4 has been found in many types of primary tumors (9) (10) (11) (12) (13) (14) (15) . More recently, emerging evidence has implicated the involvement of PDCD4 in some inflammatory diseases. PDCD4 deficiency in mice not only resists the development of experimental autoimmune encephalomyelitis and type 1 diabetes, but also negatively regulates lipopolysaccharide-induced lethal inflammation (16, 17) . These data indicate the proinflammatory effects of PDCD4 under certain pathological conditions, while in obesity or obesity-associated inflammation, the roles of PDCD4 and its potential target genes remain unestablished.
Liver X receptor (LXR)-a, a member of the nuclear receptor families, is abundantly expressed in liver, intestine, kidney, spleen, and adipose tissue and functions as a transcription regulator of a series of target genes (18) (19) (20) . LXR-a promotes lipid homeostasis for its crucial position in cholesterol and fatty acid (FA) metabolism. LXR-a mediates reverse cholesterol transport (RCT), the process of cholesterol trafficking from the peripheral tissues to the liver for excretion and metabolism, by upregulating ATPbinding cassette (ABC) transporters A1 and G1. It also acts as a master regulator in de novo FA synthesis through directly or indirectly regulating lipogenic genes, including sterol regulatory element-binding protein (SREBP)-1c, acetylCoA carboxylase, fatty acid synthase (FAS), and stearoylCoA desaturase (SCD) 1 (20) (21) (22) (23) . Additionally, the process of de novo FA synthesis and RCT mediated by LXR-a has been shown to be involved in the maintenance of endoplasmic reticulum (ER) homeostasis, which, in turn, influences obesity and inflammation on different levels (24) (25) (26) (27) .
In the current study, we demonstrate that PDCD4 deficiency attenuates diet-induced obesity, obesity-associated inflammation, and insulin resistance, accompanied by alleviated hepatic steatosis in mice. These beneficial effects caused by PDCD4 deficiency may result from the derepression of LXR-a in white adipose tissues (WATs) and brown adipose tissues (BATs), which maintain lipid homeostasis and ER balance and increase energy expenditure, thus linking the modulation of PDCD4 to LXR function and proposing PDCD4 as a potential therapeutic target for obesity-associated diseases.
RESEARCH DESIGN AND METHODS

Animals and diets. PDCD4-deficient (PDCD4
2/2
) mice generated on C57BL/6 background were provided by Youhai H. Chen, University of Pennsylvania School of Medicine. Obesity was induced in male PDCD4
2/2 or wild-type (WT) mice by feeding a high-fat diet (HFD) containing 15% w/w fat and 0.25% cholesterol beginning at the age of 8 weeks; mice on a normal diet (ND) were used as lean controls (28, 29) . Body weight was recorded every 2 weeks, and daily food intake was calculated during the last 8 weeks of diet interventions. After 24 weeks, mice were killed under anesthesia. Serum, epididymal fat pads, BAT, and liver were collected. All animal studies were approved by the Animal Care and Utilization Committee of Shandong University. All experimental procedures were in accordance with institutional guidelines. Metabolic parameters measurements. Plasma triglyceride (TG) and total cholesterol (TC) were detected with an automated chemically modified technique (Roche Modular DPP System, Roche, Switzerland). Fasting plasma levels of glucose and insulin were measured with OneTouch Ultra in-vitro diagnosticum (LifeScan, Milpitas, CA) and with mouse insulin ELISA kit (RD, Wuhan, China), respectively, then the homeostasis model assessment of insulin resistance (HOMA-IR) was calculated. Glucose tolerance test (GTT) was performed in mice with an overnight fast. Blood glucose was measured before and at the indicated time after an intraperitoneal injection of D-glucose (2 g/kg body weight; Sigma-Aldrich, St. Louis, MO). Insulin tolerance test (ITT) was performed in mice with free access to food and water. Blood glucose was measured before and at the indicated time after an intraperitoneal injection of human insulin (0.75 units/kg body weight; Wanbang, Xuzhou, China). Energy expenditure and locomotor activity measurements. Energy expenditure of an individual mouse was measured for 48 h using metabolic cages (TSE systems, Bad Homburg, Germany). Respiratory exchange ratio was calculated as VCO 2 /VO 2 , which was normalized to body weight. The locomotor activity was recorded as travel distances every 10 min using video-tracking system (SMART, San Diego, CA). Histology and immunohistochemistry. Mice liver and adipose tissues were fixed in 4% paraformaldehyde (Sigma-Aldrich), embedded in paraffin, and sectioned. The sections were stained with hematoxylin and eosin (HE) using standard protocol. For adipose tissue section, the average diameter of adipocytes was measured using Image-Pro Plus 6.0, the macrophage infiltration was determined by immunohistochemical staining using rat antibody against mouse CD68 (Bioss, Beijing, China). Hepatic triglyceride qualification. A piece of liver tissue was homogenized in Folch reagent, and total lipid was extracted from liver homogenate and dried. The lipid extract dissolved in isopropanol and TG contents were measured with a triglyceride test kit (BHKT Clinical Reagent, Beijing, China). Hepatic TG contents were normalized to liver wet weight. Adipose tissue explants culture. Epididymal adipose tissues from mice were collected and cut into small pieces. The minced adipose tissue explants were cultured in Dulbecco's modified Eagle's medium (Gibco, Invitrogen, Carlsbad, CA) supplemented with 10% FCS, 1% streptomycin/penicillin at 37°C in a humidified atmosphere of 5% CO 2 ; 1 ml Dulbecco's modified Eagle's medium was added per 0.3 g of adipose tissue explants. After 24 h, the supernatants were collected for inflammation assay. Cytometric bead array immunoassay. Serum from individual mice and supernatants from cultured adipose explants were assayed for inflammatory markers using cytometric bead array mouse inflammation kit (BD Biosciences, Franklin Lakes, NJ) as per the manufacturer's recommendations. Data were collected with Cytomics FC500 (Beckman Coulter, Brea, CA). Quantitative reverse transcription PCR. Total RNA was isolated using Trizol reagent (Invitrogen). Quantitative reverse transcription PCR was performed to examine mRNA levels of target molecules relative to 18S rRNA. Primers used are listed in Supplementary Table 1 . Western-blot assay. Tissues or cells were lysed in SDS buffer in the presence of protease inhibitor and phosphatase inhibitor. Equal amounts of protein were separated on SDS-PAGE and blotted onto polyvinylidene fluoride membranes (Millipore, Billerica, MA). After blocking with 1% bovine serum albumin in Tris-buffered saline with Tween (containing 0.1% Tween-20) for 1 h, membranes were probed overnight at 4°C with antibodies against mouse phospho(p)-protein kinase-like endoplasmic reticulum kinase (Perk), p-eIF2a, p-c-Jun N-terminal kinase (JNK), SCD1 (Cell Signaling Technology, Beverly, MA), X-box binding protein-1, SREBP-1c, LXR-a (Abcam, Cambridge, MA), FAS, uncoupling protein (UCP)-1 (Proteintech Group, Chicago, IL), and peroxisome proliferator-activated receptor-g coactivator (PGC)-1a (SigmaAldrich), respectively, followed by peroxidase-labeled secondary antibodies for 1 h at room temperature. After washing, signals were visualized by SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL). RNA-binding protein immunoprecipitation. RNA-binding protein immunoprecipitation (RIP) experiments were performed using a Magna RIP kit (Millipore) according to the manufacturer's procedures. Briefly, cells were collected and lysed in RIP lysis buffer, 10% supernatants were saved as the input sample, and the remaining supernatants were used for immunoprecipitation at 4°C overnight with rabbit antibody against mouse PDCD4 (Cell Signaling Technology), which was prebound to magnetic beads. Normal rabbit IgG served as negative control. The immunoprecipitates were digested in proteinase K buffer at 55°C for 30 min. After elution from the beads, RNA was extracted and purified. cDNA synthesis and quantitative reverse transcription PCR were performed to detect LXR-a mRNA. Statistical analysis. GraphPad Prism 5 was used for statistical analyses. ANOVA or Student t tests were performed to determine significance. Values are presented as mean 6 SEM. Differences were considered significant when P , 0.05.
RESULTS
PDCD4 deficiency inhibits adiposity and reduces epididymal fat weight in HFD-fed mice. To investigate the role of PDCD4 in obesity, PDCD4
2/2 and WT mice were fed a HFD for 24 weeks, using littermates fed a ND as lean controls. At the end of the study, HFD-fed WT mice had an obviously increased body weight compared with lean controls, whereas HFD-fed PDCD4 2/2 mice, similar to ND-fed mice, failed to gain body weight from 12th to 24th week (Fig. 1A , B, and D). The lean phenotype of HFD-fed PDCD4 2/2 mice was independent on diet intake, for no alteration of food intake was observed (Fig. 1C) . Furthermore, the epididymal fat weight and the ratio of epididymal fat weight to body weight were also markedly decreased in HFD-fed PDCD4 2/2 mice compared with those in HFD-fed WT mice, while no difference was observed when compared with those in ND-fed mice (Fig.  1D-F) . These results indicate PDCD4 deficiency causes a resistance to HFD-induced obesity, primarily due to the decrease of epididymal fat weight. PDCD4 deficiency improves metabolic homeostasis in HFD-fed mice. At the end of the study, plasma TG and TC levels in HFD-fed PDCD4 2/2 mice were markedly lower than those in WT obese mice, and fasting plasma glucose levels had a decreasing trend, although no significant difference was observed during HFD intervention ( Fig. 2A-C) . Importantly, HFD-fed PDCD4 2/2 mice had much lower HOMA-IR and plasma levels of insulin than WT obese mice ( Fig. 2D-E) , showing more glucose tolerance and insulin sensitivity, as evidenced by decreased glucose levels 60 min after glucose injection (until the end of GTT) and 15 min after insulin injection. In particular, HFD-fed PDCD4 2/2 mice showed obviously lower area under the curve values during ITT (Fig. 2F-H) . PDCD4 deficiency increases energy expenditure in HFD-fed mice. To determine whether the lean phenotype of HFD-fed PDCD4 2/2 mice was due to increased energy expenditure, we performed energy expenditure in WT and PDCD4 2/2 mice fed a ND or HFD. As expected, no significant difference was observed between ND-fed WT and PDCD4 2/2 mice (Fig. 3A) . Compared with WT obese mice, HFD-fed PDCD4 2/2 mice showed much higher energy expenditures, especially in dark phases ( Fig. 3B and C) , which seemed to be independent of respiratory exchange ratio and locomotor activity since no significant alterations were found in both of them between HFD-fed PDCD4 2/2 and WT mice (Fig. 3D-F) . Unexpectedly, an obvious upregulation of PGC-1a but not UCP-1 was present in BAT ( Fig. 3G and H) , which might partially account for the increased energy expenditure in HFD-fed PDCD4 2/2 mice. PDCD4 deficiency reduces adipocyte hypertrophy in HFD-fed mice. Next, adipocyte size and related gene expression in epididymal adipose tissues were examined. Unlike HFD-fed WT mice that displayed apparent adipocyte hypertrophy, HFD-fed PDCD4 2/2 mice, similar to the lean mice, maintained a relatively normal adipocyte size ( Fig. 4A  and B) . Accordingly, PDCD4 deficiency led to a decrease in mRNA levels of leptin, which was highly correlated with the visceral fat mass, and increases in mRNA levels of adiponectin, peroxisome proliferator-activated receptor (PPAR)-g, and CCAAT/enhancer binding protein (c/EBP) a related to adipocyte differentiation during HFD feeding, which were comparable to the mRNA levels of ND-fed mice. Additionally, no correlation was found between adiponectin mRNA level and visceral fat mass (Fig. 4C-H) . These data indicate PDCD4 deficiency suppresses the adipocyte hypertrophy but maintains the normal adipocyte differentiation program in HFD-fed mice. PDCD4 deficiency attenuates WAT inflammation in HFD-fed mice. Since the visceral fat accumulation in obese mice is usually accompanied by WAT inflammation and low levels of systemic inflammation, we further detected WAT and serum inflammatory status in HFD-fed PDCD4
2/2 mice. The percentage of CD68 + macrophage in epididymal adipose tissues from HFD-fed PDCD4 2/2 mice was much lower than that from WT obese mice ( Fig. 5A  and B) , indicating reduced macrophage infiltration in HFDfed PDCD4 2/2 mice. Consistently, proinflammatory cytokines IL-6 and TNF-a secreted by the cultured adipose explants from HFD-fed PDCD4 2/2 mice also markedly decreased (Fig. 5C-I) . Furthermore, serum inflammatory cytokine, including IL-6, TNF-a, interferon-g, IL-12, and chemokine monocyte chemoattractant protein-1, also showed decreasing trends in HFD-fed PDCD4 2/2 mice, although no significant differences were observed compared with WT obese mice (Supplementary Fig. 1 ). These data demonstrate that PDCD4 deficiency attenuates WAT inflammation in HFD-fed mice. PDCD4 deficiency alleviates hepatic steatosis in HFD-fed mice. Given that HFD-induced obese mice display not only increased fat accumulation, but also hepatic steatosis, liver tissues from PDCD4 2/2 or WT mice were collected for steatosis and TG analysis. Liver tissues from HFD-fed PDCD4 2/2 mice were darker and lighter than those from WT obese mice, although the ratio of liver weight to body weight had no significant difference (Fig.  6A-C) . As expected, HFD-fed WT mice had severe fatty liver with numerous lipid droplets in liver sections, while HFD-fed PDCD4 2/2 mice showed alleviated hepatic steatosis, as evidenced by few lipid droplets in tissue 2/2 mice. Results are presented as mean 6 SEM. Data are representative of three or more independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
sections and much lower hepatic TG contents than WT obese mice ( Fig. 6D and E) . Additionally, PDCD4 deficiency also led to substantially decreased mRNA and protein levels of SREBP-1c, FAS, and SCD1 in the liver from HFD-fed mice (Fig. 6F-I ), indicating PDCD4 deficiency ameliorates hepatic steatosis in HFD-fed mice probably through inhibiting hepatic lipogenesis. PDCD4 deficiency restores the expression of LXR-a in WAT from HFD-fed mice. Considering the pivotal role of LXR-a in maintaining lipid homeostasis and ER balance (26, 27, 30, 31) , we further examined the expression of LXR-a and its target genes, as well as ER stress markers in WAT from PDCD4 2/2 or WT mice. As shown in Fig. 7A and B, only LXR-a protein, but not its mRNA, was repressed in WT obese mice compared with lean controls; however, both of them substantially restored or elevated in HFD-fed PDCD4 2/2 mice accompanied by upregulation of LXR-a target genes such as SREBP-1c, FAS, SCD1, ABCA1, and ABCG1 ( Fig. 7C-H) . Consistent with previous reports, WT obese mice had enhanced ER stress markers in WAT compared with lean controls (25, (32) (33) (34) , while HFD-fed PDCD4 2/2 mice showed markedly attenuated ER stress markers, including p-Perk, p-eIF2a, and spliced X-box binding protein-1, and the downstream inflammatory pathway signal JNK1/2 also reduced significantly (Fig. 7I) . These findings indicate that PDCD4 deficiency could 
(C) Fasting blood glucose during the diet intervention (n ‡ 3 mice/group). (D) Fasting plasma insulin and (E) HOMA-IR of WT and PDCD4
2/2 mice (n = 4-5 mice/group). (F) GTT (n = 5-7 mice/group), (G) ITT (n = 4-7 mice/group), and (H) area under the curve in ITT. Data are presented as mean 6 SEM. *P < 0.05, **P < 0.01, ***P < 0.001, HFD-fed WT vs. HFD-fed PDCD4 2/2 mice.
restore the expression of LXR-a in WAT from HFD-fed mice and, in turn, facilitate the maintenance of lipid homeostasis and ER balance. Besides, the elevation of LXR-a in liver and BAT from HFD-fed PDCD4 2/2 mice was also verified (Supplementary Fig. 2A-C) , indicating LXR-a might be a potential inhibitory target of PDCD4 in HFDfed mice. PDCD4 inhibits LXR-a protein expression through binding to its mRNA. To further clarify the regulation of PDCD4 on LXR-a in high-fat circumstances, 3T3-L1 adipocytes and macrophages from PDCD4 2/2 or WT mice were used to treat oxidized LDL (oxLDL). For oxLDLtreated adipocytes, the LXR-a protein obviously decreased after a transient elevation, and accordingly, the lipid contents reached a higher level (Fig. 8A and B, Supplementary   Fig. 3A ), indicating oxLDL stimulation could cause the suppression of LXR-a and lipid accumulation in adipocytes. Similar results were observed in oxLDL or palmitate acid (PA)-stimulated WT macrophages. In contrast, for oxLDL or PA-stimulated PDCD4 2/2 macrophages, the elevation of LXR-a was accompanied by dramatically reduced lipid contents ( Fig. 8C and D, Supplementary Fig.  3B ), while silencing of LXR-a markedly reversed the lipid contents, which was accompanied by downregulation of LXR-a target genes like ABCG1, SCD1, and FAS (Fig. 8E-G, Supplementary Fig. 3C ), thus the lipid removal caused by PDCD4 deficiency was mediated at least partially by the elevation of LXR-a.
It has been recognized PDCD4 inhibits protein translation via direct or indirect binding to the mRNA of 2/2 mice fed a ND or HFD for 24 weeks. Energy expenditure of (A) ND-fed or (B) HFD-fed mice and (C) the statistic data (n ‡ 3 mice/group). (D) O2 consumption and CO2 production, (E) respiratory exchange ratio, and (F) locomotor activity (n = 6 mice/group) of HFD-fed WT or PDCD4 2/2 mice. (G) mRNA levels and (H) representative Western-blot of UCP1 and PGC-1a in BAT from HFD-fed WT or PDCD4 2/2 mice (n = 4/group). Data are presented as mean 6 SEM. GADPH, glyceraldehyde-3-phosphate dehydrogenase. **P < 0.01, ***P < 0.001.
FIG. 4. PDCD4 deficiency reduces adipocyte hypertrophy in HFD-fed mice. WT and PDCD4
2/2 mice were fed a ND or HFD for 24 weeks. The adipocyte size and mRNA levels of fat-related genes were analyzed. (A) Histological analysis (HE staining) on sections of epididymal adipose tissues (n ‡ 3 mice/condition). Original magnification is 100, scale bar is 100 mm. (B) The average diameters of adipocytes in randomly chosen fields were measured and presented as pixels using Image-Pro Plus 6.0. (C) Leptin and (E) adiponectin mRNA levels in epididymal adipose tissues (n = 5-7 mice/group) and (D and F) the correlation of mRNA level with epididymal fat mass (n = 18). (G) PPAR-g and (H) c/EBPa mRNA levels in epididymal adipose tissues (n = 4-9 mice/group). Data are presented as mean 6 SEM. **P < 0.01, ***P < 0.001. target gene (9, 35, 36) . To determine whether PDCD4 inhibits LXR-a expression by this mechanism, we performed RIP assay in oxLDL-stimulated WT macrophage using anti-PDCD4 antibody. As shown in Fig. 8H , LXR-a mRNA was successfully enriched in the PDCD4-specific immunoprecipitate compared with the control precipitate, thus revealing the binding of PDCD4 with LXR-a mRNA in response to oxLDL stimulation and supporting the idea that PDCD4 inhibits the translation of LXR-a mRNA.
FIG. 5. PDCD4 deficiency attenuates WAT inflammation in HFD-fed mice. WT and PDCD4
2/2 mice were fed a ND or HFD for 24 weeks. The macrophage infiltration in epididymal adipose tissues and inflammatory cytokine secretion by epididymal adipose tissue explants were detected. (A) Immunohistochemical study (CD68 staining) and (B) percentage of CD68 + macrophages on sections from epididymal adipose tissues (n ‡ 3 mice/ condition); the arrows indicate inflammation. Original magnification is 200, scale bar is 50 mm. (C) Representative data of cytometric bead array immunoassay and (D-I) statistical data for inflammation detection on supernatants from cultured epididymal adipose tissue explants (n = 4-9 mice/ group). Data are presented as mean 6 SEM. IFN-g, interferon-g; MCP, monocyte chemoattractant protein. *P < 0.05, **P < 0.01, ***P < 0.001.
FIG. 6. PDCD4 deficiency alleviates hepatic steatosis in HFD-fed mice. WT and PDCD4
2/2 mice were fed a ND or HFD for 24 weeks, and livers were collected for histological analysis, hepatic TG quantification, and lipogenic genes analysis. (A) The gross morphology of liver, (B) liver weight, (C) the ratio of liver weight to body weight, (D) and histological analysis (HE staining) of liver tissue sections from WT and PDCD4 2/2 mice (n ‡ 3 per condition). (E) Hepatic TG contents in HFD-fed WT and PDCD4 2/2 mice (n = 5-8 mice/group). (F) Representative Western-blot and mRNA levels of (G) SREBP-1c, (H) FAS, and (I) SCD1 in liver tissues from ND or HFD-fed WT and PDCD4 2/2 mice (n = 4-9 mice/group). Data are presented as mean 6 SEM. GADPH, glyceraldehyde-3-phosphate dehydrogenase. *P < 0.05, **P < 0.01, ***P < 0.001.
DISCUSSION
While PDCD4 is well accepted as a tumor suppressor gene, emerging evidence indicates its proinflammatory effects in some pathological conditions. In obesity and associated inflammation, the roles of PDCD4 remain unestablished. In this study, we have shown that PDCD4 deficiency brings multiple beneficial effects in HFD-fed mice, as indicated by alleviated adiposity, WAT inflammation, hepatic steatosis, and improved insulin action.
Through the study of HFD-fed PDCD4 2/2 mice, we surprisingly found PDCD4 deficiency conferred absolute resistance to HFD-induced obesity in mice. Although there were no alterations in food intake, respiratory exchange ratio, and locomotor activity between HFD-fed PDCD4 2/2 and WT mice, HFD-fed PDCD4 2/2 mice still showed increased energy expenditure compared with WT obese mice, indicating PDCD4 deficiency might influence thermogenesis of HFD-fed mice. As expected, dramatic elevation of PGC-1a was found in BAT from HFD-fed PDCD4 2/2 mice, which could be one important contributor to the antiobesity effects of PDCD4 deficiency.
FIG. 7. Effects of PDCD4 deficiency on LXR-a expression and ER homeostasis in WAT. Epididymal adipose tissues were collected from WT and PDCD4
2/2 mice fed a ND or HFD for 24 weeks. The expression of LXR-a and its target genes, as well as ER stress markers, were examined. (A) Representative Western-blot of LXR-a in epididymal adipose tissues (n = 3 mice/condition). (B) mRNA levels of LXR-a in epididymal adipose tissues (n = 12 WT mice or 8 PDCD4 2/2 mice). mRNA levels and (H) representative Western-blot of (C) SREBP-1c, (D) FAS, (E) SCD1, (F) ABCA1, and (G) ABCG1 in epididymal adipose tissues (n = 4-9 mice/group). (I) Representative Western-blot of ER stress markers in epididymal adipose tissues (n = 3 mice/condition). Data are presented as mean 6 SEM. GADPH, glyceraldehyde-3-phosphate dehydrogenase; XBP, X-box binding protein. *P < 0.05, **P < 0.01, ***P < 0.001. In response to HFD, PDCD4 disturbs the homeostasis of lipid metabolism and ER function via selectively inhibiting the upregulation of LXR-a and its target genes, thereby leading to obesity, WAT inflammation, and metabolic disorders. Data are presented as mean 6 SEM. Ab, antibody; GADPH, glyceraldehyde-3-phosphate dehydrogenase; OD, optical density; siRNA, small interfering RNA. *P < 0.01, **P < 0.01, ***P < 0.001.
Consistent with the lean phenotype, HFD-fed PDCD4
2/2 mice showed reduced epididymal fat weight compared with WT obese mice. Notably, the adipocytes in WAT from HFD-fed PDCD4 2/2 mice exhibit resistance to hypertrophy and impaired differentiation. The adipocyte size was quite normal, as that in ND-fed mice, and the expression of adiponectin, PPAR-g, and c/EBPa also reversed to a normal or higher level, indicating PDCD4 deficiency is helpful to maintain the lipid homeostasis of WAT when the mice suffered from HFD. The lean phenotype itself contributed to the alleviated WAT inflammation and improved insulin actions in HFD-fed PDCD4 2/2 mice. Another major contributor could be ER homeostasis, which has been reported to provide protection against obesity, inflammation, and insulin resistance on different levels (26, 30, 31, 37, 38) . Compared with WT obese mice, HFD-fed PDCD4 2/2 mice showed significantly attenuated ER stress markers in WAT together with reduced activation of proinflammatory JNK pathway. Accordingly, the macrophage infiltration was reduced in WAT and TNF-a, IL-6 secretion reduced markedly, and the insulin action substantially improved, as indicated by increased glucose tolerance and insulin sensitivity. These data suggest that ER homeostasis caused by PDCD4 deficiency may contribute to the reduced WAT inflammation and insulin resistance via inhibiting JNK pathway.
Another desirable effect of PDCD4 deficiency is alleviated hepatic steatosis in HFD-fed mice, accompanied by decreased plasma TG and TC levels. The hepatic lipogenesis in HFD-fed PDCD4 2/2 mice was substantially inhibited, as reflected by decreased expression of lipogenous gene SREBP-1c. This action resulted in decreased hepatic TG contents and attenuated oxidative stress in the liver ( Supplementary Fig. 4 ) and further led to improved insulin sensitivity. With respect to the reasons for reduced hepatic lipogenesis in HFD-fed PDCD4 2/2 mice, many factors like adiponectin, FA, and LXR-a could produce multiple effects via regulating SREBP-1c (39, 40) . However, in this study, a very likely contributor might be decreased insulin levels, which is a consequence of improved insulin action in HFD-fed PDCD4 2/2 mice since insulin has been recognized as a primary stimulator to active hepatic lipogenesis through selectively inducing SREBP-1c even in insulin-resistant obese mice (41, 42) .
Interestingly, we have shown PDCD4 deficiency causes the restoration or elevation of LXR-a in both the adipose and the liver of HFD-fed mice, as well as in PA or oxLDLsimulated macrophages, which may contribute to the beneficial effects due to their coordinate role in metabolic effects. First, the restoration of LXR-a in WAT or macrophages facilitates lipid homeostasis and ER balance in multiple ways. LXR-a not only drives RCT to remove cholesterol, but also increases lipolysis and FA b-oxidation to prevent the cells from lipid overload (23, 43) . Consistent with the study from Erbay et al. (26) , LXR-a and downstream SCD1 could induce resistance to ER stress via efficient desaturation of FA, thus maintaining the ER homeostasis in WAT or macrophages. Second, the elevation of LXR-a in BAT is involved in the regulation of energy expenditure via upregulating PGC-1a. This viewpoint is supported by our observation showing concomitant upregulation of LXR-a and PGC-1a in BAT from HFD-fed PDCD4 2/2 mice and a recent report showing that the activation of LXR-a produces antiobesity effect in HFD-fed obese mice partially through elevated PGC-1a mRNA in BAT (44) . Third, the restoration of LXR-a in the liver may also contribute to the alleviated fatty liver despite its lipogenous effects. This possibility is supported by a recent study demonstrating LXR-a increases long-chain acyl-CoA synthetase 3 expression in hamster liver, which could direct hepatic FA entry into the catabolic pathway to reduce TG accumulation in liver tissue (45) . Our observations are somewhat different from several studies from LXR 2/2 mice (46); the reasons for this discrepancy may be different mouse models and experiment designs. Moreover, the expression of gluconeogenesis-related genes phosphoenolpyruvate carboxykinase, glucose-6-phosphatase in the liver, and glucose-uptake-related gene insulin-sensitive glucose transporter 4 in adipose tissues showed no significant differences between HFD-fed PDCD4 2/2 and WT mice ( Supplementary Fig. 5A-C) , indicating the regulation of LXR-a in HFD-fed PDCD4 2/2 mice may have relatively minor effects on glucose homeostasis; otherwise, the beneficial effects are sheltered by other regulatory processes. It is worth noting we cannot exclude the contribution of other unidentified targets of PDCD4, which need to be further investigated.
It has been characterized that PDCD4 can inhibit the translation of target genes through directly or indirectly binding with their mRNA (35, 36) . Here we have demonstrated for the first time that LXR-a is another inhibitory target of PDCD4 in high-fat circumstances, which is supported by several lines of evidence. First, HFD feeding induced repression of LXR-a protein in the adipose and the liver from WT mice and derepression in those from PDCD4 2/2 mice. Second, PA or oxLDL treatment elicited suppression of LXR-a in WT macrophages and elevation in PDCD4 2/2 macrophages. Third, RIP assay revealed the binding of PDCD4 with LXR-a mRNA in oxLDL-treated WT macrophages. These data suggest the suppression of LXR-a mediated by PDCD4 occurred most likely on posttranscriptional levels. Although the upregulation of LXR-a mRNA levels in HFD-fed PDCD4 2/2 mice can be explained by the autoregulation of LXR-a as described in previous studies (20, 47) , we cannot rule out the possibility of transcriptional regulation of PDCD4 on LXR-a mRNA. Interestingly, we found no increase of PDCD4 protein in HFD-fed WAT or liver, as well as oxLDL or PA-treated macrophages ( Supplementary Fig. 6 ), but instead found the translocation of PDCD4 from nucleus to cytoplasm (data not shown), indicating PDCD4 works mainly through translocation to cytoplasm other than upregulating protein levels.
Taken together, our data demonstrate that PDCD4 deficiency protects the mice from HFD-induced obesity, WAT inflammation, insulin resistance, and fatty liver. We propose LXR-a as a new target of PDCD4 in response to HFD. PDCD4 selectively inhibits the upregulation of LXR-a in WAT and then its target genes; the suppression of these genes disturbs the homeostasis of lipid metabolism and ER function, thereby leading to obesity, WAT inflammation, and metabolic disorders (Fig. 8I) . Although both macrophages and adipocytes link closely to the metabolic effects due to their crucial role in lipid metabolism, functions may vary in different obesity-associated diseases. Anyway, the pivotal role of PDCD4 in diet-induced obesity may add it on the list of potential targets for treating obesity-associated diseases. No potential conflicts of interest relevant to this article were reported.
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